Growing evidence indicates that oxidative stress induced by excessive superoxide has a central role in the pathogenesis of diabetic nephropathy (DN). Telmisartan, one of the currently available angiotensin II type 1 receptor blockers (ARBs), has been shown to exert a more powerful proteinuria (albuminuria) reduction in patients with DN, but whether the prominent renoprotective effect of telmisartan is mediated through enhancing antioxidant defense capacity and reducing oxidative stress has not been fully elucidated. The present study first revealed that the serum activity of superoxide dismutase (SOD) responsible for superoxide removal is reduced in the DN stage of microalbuminuria, but not in normoalbuminuria in type 2 diabetic patients. We next examined the alteration of SOD and oxidative stress following an 8-week treatment with telmisartan (40 mg per day) in 12 type 2 diabetic patients with microalbuminuria. Interestingly, the telmisartan treatment not only reduced the circulating levels of two oxidative stress markers, 8-hydroxy-2¢-deoxyguanosine (8-OHdG) and nitrotyrosine (NT), but also enhanced serum SOD activity. Notably, a significant correlation was observed between the increase in serum SOD activity and the reduction in albuminuria. We further compared the anti-oxidative effect of telmisartan with that of losartan, another member of the ARB class, by implementing an 8-week interval crossover treatment with these ARBs in another 12 microalbuminuric type 2 diabetic patients. The patients showed higher serum SOD activity, and lower circulating levels of 8-OHdG and NT, during treatment with telmisartan than with losartan. These results suggest that telmisartan has a more potent antioxidative effect through its ability to enhance SOD activity in type 2 diabetic patients with microalbuminuria.
INTRODUCTION
Oxidative stress induced by superoxide anion (O 2 À ) overproduction is considered a major cause of diabetic vascular injury, including diabetic nephropathy (DN). An excess of the superoxide anion causes vascular cell injury through the formation of cytotoxic secondary reactive oxygen species, such as peroxynitrite (ONOO À ) and hydroxyl radicals ( OH). 1 The superoxide is produced by multiple pathogenic pathways, including increased nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase activity, uncoupled endothelial nitric oxide (NO) synthase and enhanced angiotensin II signaling. 2 In contrast to the superoxide-producing enzymes such as NAD(P)H oxidase and endothelial NO synthase, superoxide dismutase (SOD) serves as an antioxidant enzyme responsible for superoxide removal. The SOD converts superoxide anion into hydrogen peroxide (H 2 O 2 ) and molecular oxygen. 3, 4 The hydrogen peroxide is further detoxified into water (H 2 O) by catalase in peroxisomes or glutathione peroxidase in mitochondria. 1, 5 Growing evidence indicates that chronic hyperglycemia causes superoxide overproduction by activating NAD(P)H oxidase [6] [7] [8] [9] and uncoupling endothelial NO synthase. 9 Therefore, the SOD antioxidant defense system has a key role in protecting vascular cells from increased oxidative stress in the diabetic state.
Telmisartan is a unique angiotensin II type 1 (AT1) receptor blocker (ARB) that functions as a partial agonist of the peroxisome proliferator-activated receptor-g. [10] [11] [12] A recent clinical study showed that telmisartan is superior to another ARB, losartan, in reducing proteinuria effect in patients with DN, despite a comparable blood pressure reduction. 13 Given this compelling evidence, it was expected that telmisartan, among various ARBs, may exert a more powerful protective effect against oxidative stress in the diabetic state. In the present study, we first determined the stage of DN that alters the SOD antioxidant defense capacity and enhances oxidative stress. Our data demonstrate that reduced SOD antioxidant defense capacity and markedly increased oxidative stress are observed in the DN stage of microalbuminuria, but not in the normoalbuminuria stage, which indicates that the microalbuminuric DN stage would be more suitable for antioxidative intervention. Based on this observation, the aim of the present study was to determine the effects of telmisartan therapy on the SOD antioxidant defense system and on the three oxidative stress markers, 8-hydroxy-2¢-deoxyguanosine (8-OHdG), NO and nitrotyrosine (NT), in patients in the microalbuminuric DN stage.
METHODS

Subjects and study protocols
The study participants were Japanese residents of Akita prefecture, Japan. First, we recruited 18 non-diabetic healthy (control) subjects and 35 type 2 diabetic patients (19 normoalbuminuric patients and 16 microalbuminuric patients) ,who had not been treated with anti-hypertensive drugs, thiazolidine, metformin, statins and fenofibrate. Persistent microalbuminuria was defined as a urinary albumin-to-creatinine ratio between 30 and 300 mg g À1 creatinine in two morning spot urine collections performed over 3 months. The diabetic patients were under treatment with sulfonylurea and/or a-glucosidase inhibitor or dietary therapy alone to control their blood glucose. Morning blood and spot urine samples were collected from these subjects to determine oxidative stress markers, including 8-OHdG, SOD, NO and NT. Serum and urinary levels of the oxidative stress markers were compared among the three groups: the control subjects, the normoalbuminuric diabetic patients and the microalbuminuric diabetic patients. We treated 12 of the 16 microalbuminuric diabetic patients with telmisartan 40 mg per day for 8 weeks. The doses of anti-diabetic medications were unchanged during the telmisartan treatment period. The serum and urinary levels of the oxidative stress markers after 8 weeks of telmisartan treatment were compared with those before the treatment.
For the crossover study of telmisartan and losartan, we next recruited another 12 microalbuminuric type 2 diabetic patients who had been treated with telmisartan 40 mg per day for more than 8 weeks. None of the patients had been given other anti-hypertensive drugs, such as angiotensin-converting enzyme inhibitors, calcium channel blockers or diuretics. The patients were given sulfonylurea and/or a-glucosidase inhibitor to control their blood glucose. The anti-diabetic therapy was unchanged during the study. This crossover study consisted of three treatment periods: telmisartan 40 mg per day for 8 weeks (first period), losartan 50 mg per day for 8 weeks (second period) and telmisartan 40 mg per day for 8 weeks (third period). After being recruited, the patients continued taking telmisartan 40 mg per day for 8 weeks. Thereafter, the patients were crossed over to the ARB treatment with losartan 50 mg per day for 8 weeks, and then to the treatment with telmisartan 40 mg per day for 8 weeks, without a wash-out period between the treatment periods. The serum and urinary levels of the oxidative stress markers were determined at the end of each treatment period.
The study protocols were approved by the Ethics Committees of Akita University and Honjo Daiichi Hospital. Written informed consent was obtained from all participants.
Measurements
The serum/plasma and urine samples were stored at À80 1C until assays were performed. The hemoglobin A1c levels, measured using high-performance liquid chromatography, were expressed as international standard values (Japan Diabetes Society standard value+0.4%), as defined by the Japan Diabetes Society. The serum and urinary 8-OHdG levels were measured using an enzyme-linked immunosorbent assay kit (8-OHdG Check; Nikken Seil, Shizuoka, Japan). Serum SOD activity was determined using an SOD assay kit-WST (Dojindo Molecular Technologies, Gaithersburg, MD, USA). Serum NOx (nitrite+nitrate) and NT concentrations were measured by a total NO assay kit (Stressgen, Ann Arbor, MI, USA) and an NT enzyme-linked immunosorbent assay kit (NWLSS, Vancouver, WA, USA), respectively.
Statistical analysis
Data were presented as the mean ± s.d. Statistical analysis was performed using GraphPad Prism software (GraphPad, San Diego, CA, USA). Differences between multiple groups were determined by one-way ANOVA, followed by Bonferroni's multiple comparison test. Data from the telmisartan treatment study and the crossover study of telmisartan and losartan were statistically analyzed by paired t-test. A value of Po0.05 denoted the presence of a statistically significant difference.
RESULTS
Oxidative stress markers in control subjects and type 2 diabetic patients with normoalbuminuria and microalbuminuria Table 1 shows clinical and biochemical parameters in the control subjects and the type 2 diabetic patients with normoalbuminuria and microalbuminuria. Both groups of diabetic patients exhibited higher systolic blood pressure, higher levels of fasting plasma glucose and hemoglobin A1c, and lower levels of high-density lipoprotein cholesterol relative to the control subjects. There were no significant differences in blood pressure, plasma glucose and serum lipid levels between the two groups of type 2 diabetic patients with normoalbuminuria and microalbuminuria. Interestingly, a reduction in serum SOD activity was observed in the diabetic patients with microalbuminuria ( Figure 1a) . Furthermore, analysis of oxidative stress markers revealed a significant increase in serum and urinary 8-OHdG levels and in serum NT levels that reflected the degree of oxidative stress in the diabetic patients with microalbuminuria, compared with the other groups (Figures 1b-d ). As shown in Figure 1e , serum NOx levels were significantly reduced in the diabetic patients with microalbuminuria, compared with the other groups.
The effects of telmisartan treatment on oxidative stress markers in type 2 diabetic patients with microalbuminuria Because increased systemic oxidative stress was shown to be caused during the microalbuminuria stage, possibly through impaired antioxidant defense capacity such as reduced serum SOD activity, we next investigated whether telmisartan treatment attenuates increased oxidative stress in type 2 diabetic patients with microalbuminuria. Table 2 shows clinical and biochemical parameters at baseline and after 8 weeks of telmisartan treatment (40 mg per day) in type 2 diabetic patients with microalbuminuria. The 8-week telmisartan treatment did not alter body mass index, plasma glucose or serum lipid levels. Not surprisingly, the telmisartan treatment lowered systolic and diastolic blood pressure and reduced albuminuria. Figure 2 shows the changes in the oxidative stress markers after 8 weeks of telmisartan treatment in the diabetic patients with microalbuminuria. Notably, an increase in serum SOD activity was observed after 8 weeks of telmisartan treatment (Figure 2a ). Interestingly, there was a significant correlation between the increase in serum SOD activity and the reduction in albuminuria (Figure 2b ). In agreement with the improvement in antioxidant defense capacity, serum and urinary 8-OHdG levels and serum NT levels were significantly reduced after 8 weeks of telmisartan treatment (Figures 2c-e) . The serum NOx levels were significantly increased after 8 weeks of telmisartan treatment (Figure 2f ). Thus, we found that the telmisartan treatment can improve systemically increased oxidative stress and reduce SOD antioxidant defense capacity in microalbuminuric type 2 diabetic patients.
Changes in oxidative stress markers by crossover treatment with telmisartan and losartan in type 2 diabetic patients with microalbuminuria To compare the antioxidative effects of telmisartan with those of other ARBs, we performed a crossover treatment with telmisartan and losartan in type 2 diabetic patients with microalbuminuria, and investigated changes in oxidative stress markers. Table 3 shows clinical and biochemical parameters at the end of each 8-week treatment period: telmisartan 40 mg per day (first period), losartan 50 mg per day (second period) and telmisartan 40 mg per day (third period). There were no significant differences in body mass index, blood pressure, plasma glucose or serum lipid levels between the three treatment periods. A significant increase in albuminuria was observed after the treatment was crossed over from telmisartan to losartan. Furthermore, albuminuria was significantly reduced after the treatment was switched from losartan to telmisartan. Figure 3 shows changes in the oxidative stress markers from the crossover treatment with telmisartan and losartan in the diabetic patients with microalbuminuria. Interestingly, serum SOD activity was significantly higher during the first and third periods of telmisartan treatment than during the second period of losartan treatment (Figure 3a) . Consistent with the change in albuminuria, the oxidative stress marker levels of serum and urinary 8-OHdG and serum NT were significantly lower during the first and third periods of telmisartan treatment than during the second period of losartan treatment (Figures 3b-d) . Serum NOx levels were significantly elevated in the first and third periods of telmisartan treatment compared with the second period of losartan treatment (Figure 3e ).
DISCUSSION
Various markers of oxidative stress have been identified and clinically used. 8-OHdG is an accepted indicator of oxidative DNA damage, and its levels in serum and urine have been widely measured to monitor the degree of oxidative stress. 14, 15 Plasma/serum NT levels have been used as a marker of oxidative and nitrosative stress and as a specific indicator of systemic peroxynitrite formation. 16, 17 It should be noted that in the present study the levels of serum and urinary 8-OHdG and serum NT were higher in the diabetic patients with microalbuminuria than in those with normoalbuminuria, despite comparable levels of hyperglycemia. These findings indicate that oxidative and nitrosative stress is highly produced in the DN stage of microalbuminuria, but not in the normoalbuminuria stage. Furthermore, we found that serum activity of SOD, which has a central role in the antioxidant defense system, is reduced in the DN stage of microalbuminuria. Experimental studies have shown that excessive superoxide is produced in human aortic endothelial cells by prolonged exposure to high glucose, 18 and in mouse kidney glomeruli by chronic hyperglycemia. 19 Therefore, it is conceivable that the capacity of SOD to remove superoxide could be a major determinant of the degree of superoxide-induced oxidative and nitrosative stress under chronic hyperglycemia. Taking these findings together, the reduction of SOD antioxidant defense capacity appears to be responsible for the increased level of oxidative and nitrosative stress in the DN stage of microalbuminuria. Thus, the microalbuminuric DN stage is thought to be more suitable than other stages for antioxidative intervention. Telmisartan has been shown to produce a proteinuria (albuminuria)-reducing effect in patients with overt DN 20 and to reduce the transition from incipient to overt DN. 21 However, whether the mechanism underlying these renoprotective effects afforded by telmisartan involves the reduction of oxidative stress is not fully under- Modulation of SOD by telmisartan therapy H Fujita et al stood. Recent experimental studies have shown that telmisartan attenuates oxidative stress by downregulating NAD(P)H oxidase, a major superoxide-producing enzyme. 22, 23 By contrast, the effect of telmisartan on a superoxide-scavenging enzyme, SOD, has not been clarified. Therefore, we next tested whether telmisartan treatment ameliorates the reduced SOD antioxidant defense capacity in the DN stage of microalbuminuria. Our data clearly demonstrate that telmisartan treatment enhances serum SOD activity and systemically reduces oxidative and nitrosative stress in patients with microalbuminuric DN. Importantly, the increase in serum SOD activity by telmisartan treatment showed a correlation with the reduction of albuminuria in these patients with microalbuminuric DN. This finding indicates that the mechanism by which telmisartan provides renoprotective effects may involve improvement of the SOD antioxidant defense capacity. Considering the present results along with recent compelling evidence, it is likely that telmisartan exerts antioxidative effects by modulating both superoxide-producing and superoxide-scavenging enzymes. Angiotensin II has been shown to promote superoxide generation through NAD(P)H oxidase activation, independently of its systemic vasoconstriction ability. 24, 25 Therefore, blockade of the angiotensin II signaling pathway via AT1 receptors is expected to reduce the superoxide-induced oxidative stress. Although all ARBs may share the antioxidative effects to some extent, there seems to be a difference in their ability to ameliorate oxidative stress owing to their intrinsic pharmacokinetic and physiochemical properties. Telmisartan has the strongest binding affinity to AT1 receptors, the longest plasma half-life and the highest lipophilicity of currently available ARBs. 26, 27 These properties of telmisartan may be important for long-lasting antioxidative effects. In the present study, we further compared the antioxidative effects between two ARBs, telmisartan and losartan, via crossover treatment with these ARBs in type 2 diabetic patients with microalbuminuria. Our data clearly demonstrate that telmisartan is superior to losartan in reducing oxidative and nitrosative stress, despite comparable levels of blood pressure, plasma glucose and serum lipids. Furthermore, we found that serum activity of SOD, a major antioxidant defense enzyme, is higher during treatment with telmisartan than with losartan. As shown in recent clinical studies of type 2 diabetic patients, telmisartan exerts more powerful effects on the reduction of proteinuria (albuminuria) than do losartan 13 and valsartan. 28 This may be attributable in part to the prominent antioxidative effects of telmisartan. It would be valuable to elucidate the mechanism underlying the upregulation of SOD induced by telmisartan. Because NAD(P)H oxidase has been closely linked to SOD in the signaling pathway, this enzyme may negatively regulate SOD. It is thought that telmisartan markedly inhibits NAD(P)H oxidase through its strong binding affinity to AT1 receptors. Furthermore, the action of telmisartan as a partial agonist for peroxisome proliferator-activated receptor-g probably contributes to inhibition of NAD(P)H oxidase. In fact, an experimental study of obese and hypertensive rats has indicated that peroxisome proliferator-activated receptor-g activation by pioglitazone therapy downregulates NAD(P)H oxidase. 29 Thus, telmisartan may upregulate SOD via strong suppression of NAD(P)H oxidase. Further efforts are required to elucidate this molecular mechanism.
NO has an important role in maintaining renal vascular endothelial function involved in the regulation of urinary albumin excretion. A recent clinical study reported that blood NO levels were decreased in type 2 diabetic patients with overt DN, compared with non-diabetic control subjects. 30 Consistent with this observation, our study also demonstrated a reduction in serum NO levels in the diabetic patients with incipient DN relative to those without DN and the non-diabetic control subjects. Indeed, NO may be extremely important for renoprotection in the diabetic state. Recent experimental studies of diabetic rats and mice have indicated that decreased renal NO levels are associated with the development of renal histologic lesions 31 and that NO deficiency by endothelial NO synthase knockout causes glomerular endothelial injury and overt albuminuria. 32 The reduction of circulating NO in the microalbuminuric stage of DN observed in the present study was probably attributed to the direct scavenging of NO by excessive superoxide, because serum NT levels, which reflect the formation of peroxynitrite by chemical interaction of superoxide with NO, were enhanced in this stage. This concept is supported by the present results; the attenuation of oxidative stress by telmisartan treatment, which reflects the reduction in superoxide, led to the increase in serum NO levels and the reduction in serum NT levels. A recent clinical study demonstrated improvement of vascular endothelial function after telmisartan treatment in type 2 diabetic patients by measuring flow-mediated vasodilation. 33 Thus, the increase in circulating NO following the reduction of hyperglycemia-induced oxidative stress by telmisartan treatment is thought to contribute to renoprotection, including an albuminuriareducing effect via amelioration of renal glomerular endothelial function.
In conclusion, we here report a novel finding that telmisartan has a more powerful antioxidative effect due to its ability to enhance the activity of an antioxidant defense enzyme, SOD. This effect may be attributable to the physiochemical, pharmacological and pharmacokinetic properties of telmisartan. Furthermore, this antioxidative effect of telmisartan may explain why this ARB exerts more potent renoprotection in patients with DN than other members of the ARB class, such as losartan and valsartan. The dual effects of telmisartan on hypertension and oxidative stress are expected to greatly contribute to improvement of renal outcomes in specific patient populations with DN that is closely linked to hypertension and oxidative stress.
